Purpose: The implementation of life cycle assessment (LCA) and carbon footprinting represents an important professional and research opportunity for chemical engineers, but this is not broadly reflected in chemical engineering curricula worldwide. This study presents the implementation of a coursework that is easy to apply, free of cost, valid worldwide and flexible enough to cover such holistic topics.
the challenge of ensuring robustness and consistency in marking, but this has been already improved with a more explicit rubric. The feedback of the students confirms these findings, including the learning of transferable skills as the major advantage.
Originality: This paper addresses, for the first time, the current state of 'life cycle thinking' teaching in the curricula of the top 25 chemical engineering schools worldwide, a literature review of previous experience, and a description of a novel coursework taking a theoretical and practical approach to LCA, carbon footprinting and socio-economic sustainability via free software and a comprehensive range of didactic activities.
Introduction
Sustainable development was defined in 1987 as "development that meets the needs of the present without compromising the ability of future generations to meet their own needs" (WCDE, 1987) . This concept has evolved during recent years and, nowadays, sustainable development and sustainability involve the integration of environmental, social, and economic concerns into all aspects of decision-making processes (Emas, 2015) . In parallel, the study of sustainable processes has evolved from an exclusively production-oriented analysis to a more comprehensive life cycle thinking approach where all the stages of the life of a product are assessed (e.g. raw materials extraction, transport, production, use and end of life). The fusion of the concepts of sustainability and life cycle thinking has resulted in the development and use of three different tools for assessing the environmental (life cycle assessment, LCA), economic (life cycle cost, LCC) and social aspects (social life cycle assessment, S-LCA).
According to ISO 14040 (2016) , LCA is defined as the "compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product system throughout its life cycle". LCA can include a comprehensive set of potential impacts affecting air, water and Page 2 of 31 International Journal of Sustainability in Higher Education   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 With all these new regulations emplaced, it is almost imperative to prepare future professionals for these new challenges; especially when this would increase their employability. The increasing international statements of intent, such as the Paris climate change agreement, and the increasing commitment towards low carbon economies, have created new job opportunities in the cross-disciplinary field of 'green jobs', which nowadays focuses not only on environmental consultancy and waste management but also low-carbon energy and transport systems (e.g. renewables, energy efficiency, green fuels), carbon finance and climate change consultancy (Bird and Lawton, 2009) . In these new circumstances, the role and opportunities for engineers are vast, being highlighted by different entities from governments to NGOs (HM Government, 2009 ). However, one of the major problems to cover these new vacancies is the lack of job-specific skills in Science, Technology, Engineering and Maths (STEM) and other related careers (Bird and Lawton, 2009) . Despite the fact that recent literature has demonstrated the difficulties of analysing the impact of green jobs on the economy (Bowen and Kuralbayeva, 2015) , recent figures have suggested that the low-carbon economy represents 2% of UK GDP and is expected to grow to 13% by 2050
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More specifically, among all engineers, the possibilities of chemical engineers are growing in a field like sustainability as it requires multidisciplinary skills. Chemical engineering deals with "the design, construction, and operation of processes and chemical plants for the conversion of raw materials into useful products on an industrial scale" (Schaschke, 2014).
The focus on design and process within chemical engineering, together with a strong safety and environmental remit, has increased interest in environmental sustainability and LCA/carbon footprinting such that the chemical engineering community now considers them important skills areas to develop in future professionals (Hall and Howe, 2010) . In the case of research areas, these concepts have been either introduced to key research lines or even developed as stand-alone core themes. However, it is still unclear how this growing interest is reflected in the syllabus of chemical engineering courses in universities around the world.
In an effort to elucidate this matter, this paper first analyses how sustainability -specifically LCA and carbon footprint -has been included in the curriculum of the top 25 chemical engineering schools of universities around the world. Further, to assess evidence of how these concepts have been addressed, a literature review is carried out analysing teaching-focused publications that demonstrate the inclusion of LCA and carbon footprinting concepts in chemical engineering curricula. Finally, this paper presents a detailed description of a pedagogic proposal to incorporate these concepts in one of the top 25 chemical engineering schools, analysing the outcomes of the coursework and the benefits towards improving employability and non-technical skills. The main advantages and challenges of this proposal are analysed, including the students' feedback, as well as, the opportunities to adapt this example in other engineering schools' curricula.
Page 4 of 31 International Journal of Sustainability in Higher Education   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   a  t (QS, 2017) . This was achieved by searching for terms like 'environmental engineering', 'sustainability', 'carbon footprint' and 'life cycle assessment' on the websites of the 25 top universities. Specifically, these concepts were sought in the description of the mission of the school, the definition of the role of a chemical engineer, the course contents for chemical engineering courses and research areas. If any of the terms were found, the context was analysed to see if the university covers these topics in their mission statement, courses, and research areas or when defining the role of a chemical engineer.
From the top 25 chemical engineering schools, 22 (88%) have research areas directly related to sustainability and/or environmental engineering and 10 (40%) have research groups with a focus on LCA and carbon footprinting. Furthermore, 17 (68%) of the schools include sustainability and/or environmental engineering when mentioning their 'mission' and/or when defining the future role of a chemical engineers. Most of the schools, 16 (64%), offer teaching modules related to sustainability and/or environmental engineering, but only 5 schools (20%) explicitly include LCA and carbon footprinting contents in their syllabus. These five schools normally offered these modules as an optional alternative, with only three of them (12%) offering sustainability and/or environmental engineering modules as core subjects, and exclusively one (4%) including LCA and carbon footprint in the mandatory modules.
Therefore, a contradiction is apparent between the importance of sustainability (and LCA/carbon footprinting) in research areas and in the expected role of a chemical engineer, versus the transference of this knowledge via the syllabus. This is in line with results obtained by Byrne et al. (2013) , who remarked that although there is a consensus about the importance of integrating sustainability and sustainable development into engineering curricula, little Page 5 of 31
International Journal of Sustainability in Higher Education   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Table 1 ). When teaching-focused literature is reviewed, most of the publications in sustainability, particularly on teaching LCA, describe the approach taken by the authors through a detailed explanation of case studies and the resources used, such as specific software and databases (Mälkki and Alanne, 2017; Gilmore 2016; Riley 2015) , or the analysis of students' feedback related to the 
concepts learnt, the learning outcomes reached and the effectiveness of the teaching approaches and methods used (Mulder, 2017; Weber et al.,2014) .
Prior relevant literature is summarised in Table 1 authors gave an overview of the whole course, the resources used and the teaching techniques, which mainly focused on learning the LCA framework and being able to develop its documentation. The course used commercial LCA software (SimaPro) and a variety of learning approaches including lectures, weekly short tutorials and 'minor and major' projects with a broad scope. The course was compulsory within the host department but also offered as an elective across the whole university. The provision of consolidated LCA teaching across multiple subject areas is also reported by Evans et al. (2008) , who used problem solving and group discussions to teach LCA to first year engineering and science students. In this case LCA was included as part of an overarching theme of optimisation which was relevant to all cohorts.
The use of prior publications as a resource is highlighted by Belboom and Léonard (2016) , who gave their students published LCA papers as tools to promote learning, understanding and practicalities related to LCA, and at the same time, to promote the development of reviewing skills. Similarly, Meo et al. (2014) also used published LCA papers, specifically those with detailed available inventories, for learning and practising the use of the LCA software, and for developing the case studies of the course. In this case, the authors explained the software selection criteria (e.g. affordable, easy to use, online remote access, etc.), which is a cloud-based commercial software (Sustainable Minds © ), and how they implemented it in Bevilacqua et al. (2015) and Fletcher et al. (2008) , respectively.
The literature also shows that LCA teaching is not only taught as a stand-alone course. Farrell and Cavanagh (2014)). In these cases, the students learn and design biodiesel processes in an experimental setting, but also assess their environmental impacts and compare their results with fossil fuels. In this practice, the learning outcomes are not only focussed on technical skills (e.g. LCA framework, development of inventory data from laboratory experience, learning LCA software) but also on non-technical ones, like communication skills (oral and writing) as well as teamwork. Moreover, Savelski et al. (2013) explained that the students' interaction with industrial partners during the course, specifically through project presentations, increase the development of non-technical skills related to employability, communication and real life experience. 
Such non-technical skills have also been imparted alongside knowledge of LCA by combining teaching with public engagement activity. For instance, Taboada et al. (2011) moved the LCA teaching outside the classroom, engaging engineering students with high school teachers and pupils as a way to promote sustainability and the environmental engineering career.
Finally, some studies remark that another important characteristic that helps with the implementation of LCA in the curriculum is the presence of research groups working on the field and using the tool. This is the case of Belboom and Léonard (2016) and Cross et al. a t i o n a l J o u r n a l o f S u s t a i n a b i l i t y i n H i g h e r E d u c a t Description of course and coursework -Theory (lectures), guided discussion and analysis, discussion and assessment of LCA papers individually and in groups from technical and quality perspectives T/N P -ChemEng
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Theoretical lecture
The theoretical part of this coursework includes an initial three hour lecture about carbon footprint and LCA, combining theory, industrial experience and an introduction to software.
In the first hour, basic LCA concepts are explained in detail, including life cycle thinking and the structure of the ISO standard framework, which contains the definition of the goal and scope, system boundaries, functional unit, inventory analysis, estimation of impacts 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 
CCaLC coursework
The students are divided into groups of 8-10 and assigned a tutor before undertaking a coursework activity that spans three days for three hours per day. The main aims of the coursework are to:
• learn how to apply life cycle thinking and to become familiar with LCA;
• learn how to calculate life cycle environmental impacts, in particular carbon footprint, by using LCA software (CCaLC);
• gain understanding of the usefulness and drawbacks of LCA as a tool;
• use LCA alongside non-environmental criteria to make decisions; and
• practise and develop employability-related skills including critical analysis, oral presentation and conflict resolution.
The contents of Days 1-3 are detailed in the following sections.
Day 1: Baseline environmental assessment
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short group presentation (15 minutes maximum) including the results, ideas for possible improvements, and potential problems associated with those improvements.
The first activity familiarises the students with the software and provides a first-hand practical application of the theoretical concepts learned via a real industrial process. The presentation activity is outlined during Day 1, and the group should collaboratively develop their presentation before Day 2.
Day 2: Scenarios -environmental, economic and social impacts
First, students deliver the presentation prepared at the end of Day 1. Evaluation of the presentation is based upon accuracy of the results, novelty and feasibility of the ideas, evidence of understanding of the environmental, economic and social aspects of sustainable development, timekeeping and fair participation by all group members.
Afterwards, each group is divided into two teams (A and B) with four or five students each.
Each team models the carbon footprint of two alternatives to improve the sustainability of the current production process of the water bottle. Team A must model a light-weighting scenario and a bio-based materials scenario, while team B considers increased use of recycled material and the installation of a cogeneration plant at the production facility. Each of the alternatives has some advantages and disadvantages from the sustainability point of view. For example, in the case of the use of bio-based materials, the students should consider that this decision could seriously compromise the viability of a local supplier of Polyethylene terephthalate (PET) resin because the water bottling company is their best customer. There is a possibility of job losses in the local community and 75% of the end product is sold in a radius of 50 miles. Other points to consider are that ecologists will start a campaign against this solution on the basis that arable lands should be used to produce products for feeding people, not to 
produce bio-plastics and that an initial investment of £250,000 is necessary to adapt the production process.
By Day 3, each team must prepare another 15 minute presentation with the results of both scenarios, including a justified choice of one favoured option and ideas to mitigate any drawbacks of the chosen scenario.
Day 3: Sustainability assessment and discussion
Each team delivers their presentation to justify their decision-making. Evaluation considers aspects like obtaining the correct results, justification of the final decision, evidence of creativity and understanding to mitigate drawbacks, fair participation by all group members and timekeeping.
Once the presentations are finished, teams A and B debate together the four scenarios and the suggested ways to mitigate drawbacks. By the end, everyone should agree on one solution which may incorporate parts of different scenarios, where possible. It must include a feasible environmental improvement as well as consideration of the economic and social aspects. This is the only section of the coursework in which each student is marked individually based on their engagement in the discussion, demonstration of depth of understanding and ability to make convincing arguments and negotiate with other members.
Student feedback
Student feedback was acquired at the end of the module during the 2015/2016 and 2016/17 academic years. The students were asked to complete an online survey in which they must agree or disagree with a set of statements via a scale of 1-5 corresponding to 'disagree', 'mostly disagree', 'neither agree or disagree', 'mostly agree' and 'agree'. Questions probed their perception of the coursework, the unit overall, aspects that were valued and aspects that could be improved. The weighted mean was calculated for each question, resulting in a score 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Results and discussion
The outcomes of the coursework implementation described above are discussed in the following sections with reference to student feedback and with consideration of pedagogical, employability and practical aspects.
Benefits of the present approach
Overall student feedback on the coursework was positive. The statement 'the coursework set was a useful aid to learning' resulted in a mean score of 4.41/5, or 88% agreement, in 2015/16 and 4.44/5 (89%) in 2016/2017. Based on prior experience of survey feedback, this is a high score. The feedback of both years provide some suggestion that the initial aim of the coursework framework was achieved; namely, to provide a well-balanced combination of practical and theoretical concepts in an interactive approach that makes complex concepts such as LCA or carbon footprint more interesting for the chemical engineer student.
The presentation of real case studies applying LCA and carbon footprint frameworks motivates students to learn these environmental tools by demonstrating their applicability and the potential to increase the students' future employability. Since enhancement of employability was one of the goals in this teaching activity, it is useful to first consider what 'employability' refers to. At a high level, this can be characterised simply by the overarching need to gain and retain employment in a moving market (Hillage and Pollard, 1998) 
Competence area Mapping onto coursework
Maintain and extend a sound theoretical approach to the application of technology in engineering practice.
The LCA and carbon footprinting theoretical concepts are introduced and applied to engineering practice.
Use a sound evidence-based approach to problemsolving and contribute to continuous improvement.
Students must identify the environmental hotspots of the case study and propose technical solutions.
Contribute to the design and development of engineering solutions, their implementation and evaluation.
Students must propose and design solutions and evaluate and discuss the implementation with other students in the final debate.
Plan for effective implementation and manage teams and tasks.
Students must work effectively in relatively large teams with limited time to complete the task.
Communicate in English with others at all levels, present and discuss proposals and demonstrate personal and social skills.
Oral abilities are developed through the two presentations and the final debate. Social and personal skills are developed through the preparation of the presentations (e.g. flexibility to work with previously unknown colleagues, ability to resolve conflicts or encourage work towards collective goals) and are necessary again to recognise the concerns of others and find agreement in the final debate.
Undertake engineering activities in a way that contributes to sustainable development. This is the focus of the case study material. finance and pharmaceuticals, to name only a few. In this heterogeneous environment, the fact that CCaLC includes more than 6000 data items from robust, reliable sources covering many sectors gives this coursework structure enough flexibility to be adapted for different sectors.
For example, if the course is focused on transport, the coursework can be adapted with minimum changes to investigate and compare the sustainability of traditional and bio-fuels. 
This flexibility goes even beyond the implementation of the coursework in chemical engineering curricula, allowing the application into any engineering career. This is demonstrated by the fact that this coursework is attended by students from the MEng Petroleum Engineering.
In addition to broad sectoral relevance, this framework also encourages transdisciplinary thinking, which has previously been identified as an employability benefit. As highlighted by the Institute for the Future (IFTF, 2011), transdisciplinary is one of the ten skills that will drive future jobs by 2020. IFTF remarks that as worldwide problems become increasingly complex non-specific disciplines will be the key to solve them as they will require multidisciplinary approaches and transdisciplinary professionals. Similarly, the NAE ( In addition to the transferable skills discussed above, the specific content of the coursework is highly relevant to certain fields of consultancy that have seen increasing demand in recent years. Namely, the production of Environmental Product Declarations (EPDs) is increasingly desirable in industry: in the last 5 years 2,500 EPDs have been published worldwide and 300 in the UK (Environdec, 2017 : IBU, 2017 . From this employability perspective, CCaLC has been downloaded more than 6000 times and used successfully in the industry (e.g. Kellogg or
Ineos ChlorVinyls) or as a research tool (e.g.: Iriarte et al. (2014) , Jeswani et al. (2013) ). In the case of research and higher education, LCA has become a major focus of interest with more than 25,000 journal contributions (more than 2,000 in the UK) only in the last ten years (Scopus, 2017) . This demonstrates the future impact of the knowledge learned by the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   a  t 
students, both for industrial and research purposes. Finally, teaching programmes using this concept should be affordable and easy to manage, allowing widespread adoption worldwide, including in developing countries. CCaLC is a free piece of software and, therefore, can be downloaded anywhere with internet access at no cost. This characteristic differentiates this practical coursework from others normally applied in chemical engineering (e.g. laboratories or licenced commercial software), which often have high cost.
Drawbacks of the present approach
The previous section highlighted the acquisition of many forms of transferable skills.
However, while such diverse skills can improve students' chances of employment, there is a danger that representing employability as a list of skills is an oversimplification that is not reflective of the complex set of characteristics valued by employers (Knight and Yorke, 2006; Yorke, 2006) . One potential remedy is to acknowledge that teaching does not simply provide skills, but also encourages attitudes that recognise the life-long nature of the process and empower students to learn continuously in a critical, reflective manner (Harvey, 2000) .
Therefore, increasing the employability of students requires exposing them to activities that develop personal qualities and attitudes in addition to 'skills'. These qualities might also be interpreted as the 'E' and 'M' components in Yorke and Knight's USEM model (understanding, skills, efficacy beliefs, metacognition) (Yorke and Knight, 2006) . In order to encourage metacognition and 'learning how to learn', the use of skills in different settings must be repeated and accompanied by useful feedback, which proves a challenge with large class sizes.
In this case the provision of robust, clear marking and detailed feedback remains the main point for improvement and was the only area of negative feedback in an otherwise positive student surveys. In response to the prompt, 'please provide details of what you think could be improved on this unit', replies included 'the coursework marks are something that didn't Page 19 of 31
International Journal of Sustainability in Higher Education   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 In both academic years in which the coursework has run (2015/16 and 2016/17), the marks were normalised ex post in an attempt to control inter-group variation. During year 2016/2017, the marking scheme was improved with a more explicit rubric. Results from these two years suggest that the above actions may have reduced some of the unwanted variation in marking: from 2015/16 to 2016/17 the standard deviation of unmoderated mean marks for each group decreased from 6% to 5.5%, while the standard deviation of marks across the entire taught group decreased from 9.7% to 6.4%. While it is not desirable to remove variation in marking to the extent that it compromises the discriminatory power of the coursework, this does suggest that tutors have made attempts to standardise their marking.
During the next year, further attempts to reduce this variance will include a more detailed briefing for tutors, explaining in detail the evaluation process with examples, and a meeting after the first evaluation (Day 2), to discuss the tutors' experiences, compare the results, and explain and discuss their first marking, as a way to normalise approaches and avoid such marking variations.
The coursework is designed for small groups of 8-10 people led by a tutor. A maximum of 15 students per tutor can be considered but a greater increase would limit personal engagement and hinder attempts to evaluate the individual progress of each student. If the global number of students is high, this also necessitates a considerable number of computers, desks and tutors. In both years of implementation, the coursework was delivered to 80-100 undergraduate and postgraduate students per year, employing an average of 10 PhD students and postdoctoral fellows as tutors. The number of tutors may imply an extra cost as well as the variability in marking described above as a result of the demonstrators' value judgments potentially influencing the marking of three presentations and debates.
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The implementation of this teaching unit implies the use of 12 face-to-face hours of class.
This amount of time could be seen as excessive if only a basic notion of LCA is required. In this sense, the didactic unit can be adapted to consist of an hour and a half theoretical session with basic concepts of LCA and an overview of CCaLC, and another hour and a half centred on the calculation of a practical case with the software. This approach implies losing several of the educational benefits (e.g. communication, teamwork and discussion skills or deeper understanding of life cycle thinking or sustainability problems) but shows the flexibility of the proposal to be adapted for time-constrained courses.
The organization of this unit is time demanding, especially if the number of students is high or the practical content of the course must be adapted to a specific case or topic. In our experience, the preparation of the theoretical lecture took around five hours, including inviting guest lecturers. Selection and training of the 10 tutors and reservation of teaching spaces took another five hours. If the framework requires adaption to another field or topic, this will affect mainly Days 1 and 2 (see sections 4.3.1 and 4.3.2). A new base case and four more scenarios would be required, with a time investment of approximately 5-10 hours. This total demand of time (15-20 hours) for a group of 80-100 students will naturally reduce after the first year due to repeated use of the same content, tutors and/or guest lecturers.
Finally, aside from practical difficulties in delivering skills, it is also important that academics communicate to their students the skills that they are developing during the activity and highlight the terminology used by employers to describe those skills. If students are not aware of the skills they are practising, they will have difficulty communicating those skills to prospective employers; in other words it is important to 'make the tacit explicit' (Pegg et al., 2012) . Although the current marking scheme explicitly evaluates some of the key transferable skills (e.g. presentation and argumentation skills and team work), other skills are implicit in the coursework but not directly evaluated (e.g. software learning and development of critical 
thinking). Hence, future improvements will seek to address the expected learning outcomes of the module in a more explicit manner, to discuss and highlight aspects such as the employability related skills that this coursework provides and its relevance to industrial or consultancy work experience. These aspects would be corrected in future years by describing the acquired skills and how they will be evaluated in outlines and introductions of both the coursework and the unit as a whole. Finally, changing in the scoring systems will be made to measure each key transferable skill, to then analyse the progression along the difference cohorts.
Conclusions
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The coursework combines lectures, group work, software modelling, problem solving, presentation and structured debate, in order to go beyond simply imparting knowledge, by improving the employability of students. It achieves the latter by fostering basic, key and high-level transferable skills including problem solving and problem anticipation, teamwork, communication, conflict resolution, critical thinking, decision making, broad commercial awareness and ethical cognizance.
The student feedback reflects the development of these skills as one of the major advantages highlighted of this coursework, both via specific comments from students and the 89% agreement with the survey phrase, 'the coursework set was a useful aid to learning'. The improvement area was the consistency of marking. For the second year, the feedback and marking scheme was improved with a more explicit rubric and the standard deviation of unmoderated mean marks across the entire taught group decreased from 9.7% to 6.4%. This and other detected drawbacks, like the amount of face-to-face hours of teaching and the amount of time needed to organise this coursework, are not unusual challenges for coursework and can be overcome. A final area identified for future enhancement is the realisation by students of the skills they are developing. This will be improved by an explicit outline in the syllabus and coursework description.
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